T he treatment of large bony defects by callus distraction is well accepted, but the duration of treatment is long and the rate of complications increases accordingly. We have examined the effect of the stiffness of the axial fixator on reducing the time for maturation of callus.
tion the young callus has low mechanical stiffness and strength; adequate time must then be allowed for maturation before the fixator can be removed. At least two-thirds of this time is dedicated to passive maturation and most complications such as loosening or infection of the pins occur during this phase if external fixation is used. 3, 4 Loosening of the pins results in reduced mechanical stability and increased movement in young regenerate bone.
In experimental studies on callus distraction, both deleterious and advantageous effects have been demonstrated on movement, depending on the amount. A small degree will induce regeneration and maturation of callus, 5 but if it exceeds a certain limit in the regenerate bone, maturation decreases and osseous bridging of the defect is inhibited, resulting in hypertrophic nonunion. 6 The specific range of movement which effectively stimulates young distraction callus is unknown. The movement which occurs normally in this tissue during the maturation phase can be estimated from in vitro measurements of fixators used in distraction osteogenesis. In a tibial Ilizarov fixator consisting of four rings, axial movement is in the range of 3 to 6 mm when axially loaded to 300 N, depending on the amount of pretension in the wires. 7, 8 When pretension is reduced or the wires loosened the axial movements are correspondingly higher. 9 It is not possible to ensure that patients do not exceed the proposed load limits. More information, generated from the more finely-incremented interfragmentary movements (IFM), is still needed to estimate the degree of axial movement may be optimal or critical for the maturation of callus.
Studies have shown that in sheep, when pulsed distraction of an amplitude of 0.08 mm was applied for 250 cycles, the ultimate torsional strength of the regenerate improved, but this was not significant. 10 Similar results were obtained when axial dynamisation was applied two weeks after the end of distraction, 11 indicating a diminished sensitivity of distraction callus for axial movement during advanced maturation.
To investigate the effect of axial IFM in young regenerate bone and to determine how much may be optimal, we developed an animal model which approximated to the healing conditions in the human tibia. It had the following criteria: 1) stable, rigid fixation allowing distraction of callus over at least 15 mm; 2) purely axial-guided movement in the regenerate bone; and 3) adjustable and wellcontrolled amplitude, with monitoring of the movement and stiffness during maturation of the callus. We used this model to study our hypothesis that dynamisation of the fixation device with sufficient axial IFM enhances the maturation of newly-formed callus, whereas large axial movements inhibit it.
Material and Methods
We used 32 skeletally-mature female sheep, aged three years or older, with a mean weight of 80 ± 10 kg. Approval for the experiment was granted by a German governmental scientific review board (Regierungsprasidium, Tübingen, No. 485). Using general halothane anaesthesia, we performed a standardised operation. To prevent plantar flexion of the foot, which can occur during lengthening, 11 we used a segmental bone-transport model. The fixator was first applied to the intact metatarsal. We drilled holes for four Steinmann pins, 4.5 mm in diameter, using a 4 mm drill bit. The drill and stabilising pins were inserted over a guide 75°a part. Schanz screws 5 mm in diameter were inserted distally in a medioplantar and proximally in a mediodorsal direction after predrilling with a 3.5 mm bit (Fig. 1) .
Two Steinmann pins, 3 mm in diameter, were inserted 8 mm apart in the transportable bony segment in a mediolateral direction after predrilling with a 2 mm bit through a drill guide. With the fixator applied to the metatarsal, a defect 10 mm in length was created in the distal diaphysis by two osteotomies using an oscillating saw and a guide (Fig. 1) . A bony segment 25 mm in length was resected from the proximal diaphysis by a third osteotomy, using a Gigli saw trained along a guide. Before the osteotomies were performed, the periosteum was resected for 2 mm around the planned site of the osteotomy. All drilling and sawing were performed under cooling irrigation with 0.9% NaCl solution. When all the osteotomies were completed, sawdust and bone chips were carefully removed to prevent undesired osseoinduction. The bony segment was then transported proximally to close the saw gap, and the defect was adjusted to 15 mm using a distance gauge.
After four days distraction of the callus was begun at 1 mm per day in two increments, morning and evening, and continued over 16 days, resulting in compression of 1 mm at the docking site. In a pilot study in vitro with a washershaped loading cell at the docking site (Typ 9031; Kistler, Winterthur, Switzerland) a compressive force of 170N was produced. Before docking the axial telescoping system was locked and the two rings further stabilised by two connecting rods in the sagittal plane.
In one group the IFM was restrained by an axially stiff fixator (control group) and in the three dynamised groups the fixators were equipped with a telescopic system allowing axial IFMs of 0.5, 1.2 or 3.0 mm after completion of the distraction 21 days after operation. The decrease in axial IFM was measured in vivo by displacement transducers mounted to the external fixator. During load-bearing the young regenerate bone was compressed initially by the designed displacement amplitude, then during unloading the original defect of 15 mm was recovered by the recoil of the springs. After 12 weeks the sheep were killed and the metatarsals removed and investigated morphologically. External fixator. The fixator consisted of two circular aluminium frames, one of which was fixed distally on the metatarsal by two Steinmann pins and one Schanz screw (Stratec, Waldenburg, Switzerland) and the other proximally. The free clamp length of the transfixing pins was 80 mm. The two frames, nominally 60 mm apart, were fitted to each other by two pairs of mating titanium cylinders ( Fig. 1) , each pair consisting of an inner and an outer tube. The inner tube contained a steel spring. The two symmetrial springs were preloaded to 60 N each so that loading forces higher than 120 N would initiate an IFM. Any loads lower than 120 N would not move the ends of the osteotomy together. The axial movement allowed during loading could be adjusted between 0 and 4 mm. At unloading the original gap size was recovered by the release of the springs. Additionally, the cylinders were equipped to transfix a bony segment with two Steinmann pins and to transport it over 15 mm by advancing a nut (Fig. 1) . Immediately after the operation and during the period of distraction, two additional rods connected the rings in both the stabilised and stimulated groups to increase further the stiffness of the fixator. The full weight of the experimental ring fixator was about 2.1 kg.
The isolated biomechanical characteristics of the external fixator system were determined by testing it mounted to a Pertinax plastic tube similar in dimensions to the metatarsal bone. The length of the defect was adjusted to 15 mm and the complete system tested in free bending, compression and torsion in the configurations corresponding to before and at docking of the bony segment. Bending and compression tests were performed on a materials testing machine (Zwick 1454, Einsingen, Germany). For compression testing, ball mounts were used at both the distal and proximal ends of the tube to ensure that there was a purely axial force. The fixator-Pertinax system was loaded to a maximum of 300 N and movement in the area of the defect was measured by an electronic goniometer system. 12 All displacements in the defect, the deflection angles in the frontal and sagittal planes and the torsional angles around the long axis of the bone were determined. The bending stiffness was measured in a combined free bending and axial compression test with a length of lever arm of 50 mm and an applied force of 300 N resulting in a bending movement of 15 Nm. It was calculated as the ratio of the bending moment to the degree of flexion.
Torsional stiffness was measured in a customised torsional testing machine with the Pertinax tube mounted proximally and distally. A torsional moment of 5 Nm was applied and the rotation angle recorded. The torsional stiffness was defined as the ratio of the applied torsional moment to the measured rotation angle of the ends of the osteotomy in the defect. In vivo measurement of the interfragmentary movement. The decrease in the IFM over the healing period as a result of the progressive bridging and calcification of the distraction callus was monitored once a week using an inductive LVDT (Type SS 102; Collins, Long Beach, California) placed between the distal and proximal frames of the fixators; the electrical signals of the device were transmitted telemetrically (Biotel 33; Glonner, Planegg, Germany) to a personal computer. As the sheep walked, displacement curves were generated. The IFM was defined as the maximum displacement recorded after at least five steps. Movements smaller than 0.05 mm were not considered to be valid since the accuracy of the LVDT device and telemetry is in the range of 0.03 mm. Since this had been previously noted for a stable fixed metatarsal, weekly IFM was not monitored in this group (control).
Just before dynamisation of the fixator on day 21 after operation, the inherent displacement of the system was evaluated by monitoring the deflection of the complete, locked fixation device as the animal walked. The fixator was then unlocked and the initial axial movement in the distraction callus determined from the difference in movement between the locked and unlocked states. Weekly measurements were then made until the animals were killed on days 81 to 84, using always the inherent displacement at day 21 as null. The adjusted values were then normalised to the maximum measured for the given animal during the study. CT studies. After all the sheep had been killed at about 84 days after operation the metatarsals were excised, and the fixator removed. The healing area was scanned by computed tomography (pQ-CT 960; Stratec, Pforzheim, Germany) with a voxel size of 0.590 ϫ 0.590 mm and slice thickness of 1.0 mm. Fourteen slices were taken along the axis of the regenerate bone area with a slice distance of 1.5 mm, including two in the proximal and distal cortices and ten in the area of regenerate bone. Tissue with a threshold above 0.45 l/cm or density greater than 218 mg/cm 3 was considered as bone. Bone density and bone area were calculated with software provided by the manufacturer. The precision of the bone density measurements is better than 3%.
Statistical analysis
The variable of interest is the proportion of sheep with an IFM below 0.3 mm (bony healing) on the twelfth week. The groups were compared using Fisher's exact test. First, an overall test for all three groups was performed and the variables of density and area were analysed by analysis of variance. Post-hoc tests within an analysis of variance were adjusted for multiple comparisons appropriately with Tukey's HSD test.
Results
In the first three weeks after operation, load-bearing on the limb was tentative as assessed by daily observation, but then appeared to become normal after docking. Stiffness of the external fixator. From the in vitro testing of the rigidity of the fixator, the maximal axial deformation of the tube and fixator in the stable, locked position was 0.3 mm under an axial load of 300 N. The displacement of the ends of the osteotomy at the defect in the sagittal and frontal plane was always less than 0.18 mm if loaded axially as measured by the goniometer system.
Axial stiffness was 989 N/mm. Under dynamised fixation the load-displacement curve showed three distinct slopes. From 0 to 120 N the axial stiffness of the fixator system was 915 N/mm. From 120 N to approximately 130 N it equalled that of the springs, 7.69 N/mm, which allowed full axial movement within a small load range. At 130 N the bolts prohibited further axial displacement of the rings and the stiffness returned to 989 N/mm. The axial stiffness of the fixator used in the control group with two additional connecting rods in the sagittal plane and 1 mm of compression at the docking site was 1065 N/mm. In free bending, the angular stiffness of the locked fixator at docking was 112 Nm/° in the sagittal plane and 50 Nm/° in the frontal plane. Torsional stiffness measured at the osteotomy gap in a fixator with locked, stable fixation was 12.3 Nm/°. Interfragmentary movement. The mean postoperative IFM under stable fixation was 0.17 mm (0.06 to 0.29), reflecting the inherent displacement due to elastic deformation of the external fixator and pin-bone contact (Table I) . Thus, measurements below 0.3 mm may occur after bony bridging. The IFM decreased in all dynamised groups during the healing period (Table I ). The slowest reduction of the IFM, normalised to individual initial values corrected for the inherent displacement of the fixator frame, was found in the 3.0 mm group (Fig. 2) . The value in the 0.5 and 1.2 mm groups was 9% and 24%, respectively, of the initial IFM value after 12 weeks, but in the 3.0 mm group it was 42%. Only the 0.5 mm group reached an IFM as low as the inherent displacement of the fixator (0.2 mm) at week 12 of monitoring. Radiologically, these specimens were bridged and were stable. This bridging appears to have started in the tenth week and was mainly in the 0.5 mm group. Only one sheep in the 0.5 mm group had an IFM of 0.3 mm or larger after ten weeks compared with five in the 1.2 mm group and seven in the 3 mm group. At the end of the study at 12 weeks, all of the 0.5 mm group had an IFM smaller than 0.3 mm whereas in four of the 1.2 mm group and seven of the 3 mm group it was larger than 0.3 mm. The number of sheep with an IFM below 0.3 mm was significantly larger in the 0.5 mm group than in the 1.2 mm (p = 0.04) and 3 mm groups (Fisher's exact test, p = 0.001). This indicates that maturation of callus was most rapid in the group with 0.5 mm of initial axial movement. In the 3 mm group the mean movement after ten weeks was 1.5 mm and after 12 weeks it was 1.4 mm which indicates no significant improvement in stiffening and signs of nonunion. CT findings. In the 0.5 mm group the distribution of callus was nearly circular whereas in the 3 mm group it was irregular (Figs 3 to 5). All animals showed the highest density of callus next to the proximal and distal cortices. Toward the middle zone the density decreased in every group to its lowest value (Fig. 6a ) which was significantly lowest in the 3 mm group (p = 0.001, Fig. 6a , Table II ) and highest in the 0.5 mm group. The mean density of the corresponding intact metatarsal bone was 1199 mg/cm 3 . There were no statistical significant differences in the area of callus among the groups in the centre of the defect (p = 0.86). The area of callus in the 3.0 mm group was lowest in the middle of the defect and increased towards the cortices to values significantly larger than the crosssectional area of the adjacent diaphysis (160 mm 2 ; Fig. 6b , Table III ). Such a distribution of callus indicates hypertrophic pseudarthrosis as has been described by others. 13, 14 
Discussion
The worst maturation of distraction callus occurred when 3 mm of IFM were allowed when there was a significantly smaller density and area of callus than for the other groups at 12 weeks after operation. There were no significant differences in the density and area of the callus in the groups with 0, 0. cortical defect but not in the middle of the area of callus distraction. The fastest stiffening was seen in the 0.5 mm group after ten weeks which had still not been achieved in the other groups at 12 weeks. In this model, the more IFM allowed initially, the higher it was at the end of the study and the lower the resulting callus density (D) in the middle of the defect (D = 630-50*IFM; r = 0.59). The early bony bridging of the fibrous interzone in the 0.5 mm group indicated early maturation of the newly formed callus in the middle of the defect. In the 3 mm group the IFM was too large to allow bridging and stabilisation of the defect. One reason was a movement-induced inhibition of cell and vessel proliferation into the defect. 15 The new external fixator for segmental bone transport provides standardised and controlled distraction and maturation of callus, with accurate settings of the telescopic axial movement. In contrast to other systems 7, 8, [16] [17] [18] the new ring fixator has a very high bending, torsional and axial stiffness in all planes, minimising uncontrolled IFM. The initial, designed axial telescopic movement can be monitored telemetrically and thus used to determine the rate of maturation over any selected period of study. The lengthening index, the ratio of the total fixation time to the length of new bone obtained, was 56 days/cm in our study which corresponded to segmental bone transport in the tibia of adult men. 19 The lengthening indices of an absolute lengthening in the femur or tibia of young sheep are between 25 and 43 days/cm. 11, [20] [21] [22] This is generally lower than values for patients which are between 33 and 63 days/ cm. 19, 23, 24 The muscle and other soft-tissue cover of the sheep metatarsal is notably less than that of the sheep tibia and femur which decreases its influence on bone healing. There are two notable limitations to our study. First, the measurement of the IFM was complicated by loosening of pins in the late maturation period which must affect the accuracy of the IFM data. Measurements of loosening of pins on removed bones at the end of the study showed an effect of up to 0.1 mm of axial movement for the 0, 0.5 mm and 1.2 mm groups and up to 0.3 mm for the 3 mm group. These movements, however, did not significantly influence the mean values of interfragmentary movements measured at this time. Secondly, there was notable variability in the amount of weight-bearing tolerated by each sheep at the observation period which must affect the constancy of the test conditions. These two factors together probably explain the relatively high scatter in the IFM data. Our findings have shown that dynamisation of a distraction callus during maturation with 0.5 mm of initial axial amplitude in the sheep metatarsal bone stimulates maturation as compared with either no or large IFMs. By contrast, large IFMs of 3 mm led to large formation of callus at the cortical defect zone but delayed maturation, showing typical signs of hypertrophic nonunion. 6 Such large deformations of approximately 20% of the length of the defect can often be seen under clinical conditions. Taking the axial stiffness of standard ring fixators 8 and a partial loading bearing of 300 to 500 N into consideration, defects up to 60 mm will often produce corresponding axial movements. Additional loosening of wires can lead to a decreased axial stability. 9 Fixators with low axial stiffness and loosening of wires may result in delayed nonunion. Callus distraction may therefore benefit from the use of stiffer fixators and half pins 9 in addition to or instead of wires.
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